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DEVELOPMENTOF HIGH-TEMPERATURE LIQUID METAL HEAT PIPES FOR ISOTHERMAL IRRADIATION ASSEMBLIES

E. S. Keddy and ii. E. Martinez

Los Alamos National Laboratory
Lo; Alarm+, NM 87545

ABSTRACT

This paper describes the development of high-
tenperature heat pipes and their operating per-
formance using liqufdwtal working fluids to
provide high heat transfer assemblies for in-pile
testing of U02 fuel. The fuel assenbl,v consists
of thin U02 wafers sandwiched between molybdenum
discs, and Is one of the comonents of the space
nuclear reactor electrical power plant currently
under d~velopmnt. The intended operation of the
heat pipes IS to control the te~erature of the
U02 Irradiation expertmnt In the Experinwntal
Breeder Heactor (E8R-11). This application, in-
volves vertical op::ration In a grav;ty-assist
mode, with the evaporator end down. Heat pipe
construction and preparation techniques are de-
scribed. Laboratory tests were made and the p~r-
formance characteristics determtnpd. Test results
are co~arcd with calculated heat transfer limits.

INTRODUCTION

Components of the space nuclear electrical
power plant dre currently under development at
LOS Alarms National Laboratory (1), This powrr
plant system will have the capahiltty to deliver
10-1OO klie and will be a conpact source for
laro? ●arth orbiting satellites, Part of the
Power plant consists of a nuclear reactor for
generating bent; ht?at pipes are utiliz~d to trans-
fer the thermal energy from the reactor to the
power conversion system. The space powet plant
is b?fng designed for a seven-year continuous
Opt?raticm, thereby requiring a htqh degree of
reliability of all subco~onents. To desig,l the
core co~onrnts to soti$fy thesp requirements, it
is ne[”ssary to conduct in-~,llp tests of the SFIhCtI
reactor fvtl configuration, Acconmmdation of
fuvl sw~lling is usually a major area of r~actor
fuel elermmt design.

The fuul material for th sparr r~actor powrr
~upply will be UO .

i
There i< a lot of data on

th~ behhvior of U 7 under irradiation for a
variety of temp~ratur~s ●nd tnsrnup conditions,
Iho adwrdtply lowfucl temperature (1600-1700 K)
ann low fuel h,lrnlln (4%) in thp spacr power reat-
tor hill result in a nmd?rat~ furl \welllng
(7-8S), wfitch should b~ r~adily accomnndatrd,

However, the fuel configuration of the space
reactor, namely lcyers of u02 sandwlchsd bf-
tween molybdenum wafers that form the major heat
conduction paths to the core heat pipes, iS 1,0
different from the typical pin georf try that it
was considered necessary to conduct some In-1 ile
test+ngof this geomtry (2). The in-pile ttsts
for the space reactor fuel will be r,onducted in
the EBR-11 because, like the space reactor, ‘t is
a fast reactor. The neutron fluxes cover a Iange
where, with som enrichment changes, a seven-
year-equivalent fuel burnup could be accelerated
down to less than two years.

IN-PILE TEST OF U02 FUEL (3)

The space nuclear electrical power plant fuc
In-pile test is planned for Argonne National
Laboratory’s E8R-11 reactor at Idaho Falls. Two
capsules are tentatively plannerl to be tested in
row 7 (possibly 6) of the reactor. The exper -
rrmts are designed to provide data on fuel swel-
!ing at the similar tenmrature conditions the
fuel will experimce in the space power reactor.
Data will also he obtained on the heat trans-
fer rm?chanism between fuel, fin and heat bipr;
fuel migration, if it occurs; and chemical crml-
patahility nf fuel, fin, and neat pipr matprials.

The basic rtcsign of th~ fu?l $rrddifit ion cap-
sule is shown in ~iq, ]. Thr ~xprrim?ntdl furl
is contaiiled in four irsulatrd b?ys on t+c ev?:l-

orator end of the hpal pipe. Thr ht?at pip~ w,!l
LJ$P lithium or sodium as its working I-luirt an(l
neon as a buffer gas, Thr= fuel contfllner is III Id
in place on the 15.9-mm-diam h~ht pipv by th~
tnolyhdenum heat trnnsfpr flrls, Thr fins, whir~l
sandw!ch thr fuel w~frrs. err altachr~l tr tho
heat pipr in thr sanw mannrr as dcsiqoed for tl,t,
spat? powrr p!ant A thrcarird Irngth of thr Iw,!l
pipe is plann~d fol the cnndensrr set”t inn of tl,l.
h~at pipe that threads into a thin-wall niobiunl
cylinder. This niobium cylinder is part of th
f!rst ●ncapsulation of the fu~l contain~r and
hral ptpc assmhly. A vacuum s~cttrm turrourtd~
the fu~l container section (@vsporator) of thr
heat pipe and is s~parated from thp condensrr
srcitor, by a }~al. This allows for a low nron
gas pr?ssur~ in th~ rond~ns~r reqion to ~n~urt,
heat transf?t’ thl’ough i.hr I hi radv[i %r[ t ion.
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Fig. 1. EBR-11 lrradtatlun e~perlnmt rapsu; r.

Between the Inner niobium shell and th~ outer
316 SScontal~er. a scdium fill is utiltzerl to
bond the condense- section and the buffer gas
reglrn of the heat plpr to the sodium coolar,t of
thr [BR-11, Ile sodium fill also permits gcod
therr$al control of the outsit-e of tkp niobium
vaculmchawber in casp of fuel nwlt. Various
fill; ?vacuatioo tubes are located at appropri~te
pl~rs. In the #:zctily. Rpttttur coolant is folced
inwar Is to thr condrnsrr s~ctlon by an irnppdmn(~?
hexag,n to provide prop~r coc,lant for the h~at
pipe [Indrnsrrh

P opor oppratlon of tho tonqmratu~?control
featuflr of th~ os-ffl led hen! plpp that crwrls

7th~ U(IP fu?l wa ●rs dcprnd$ on the thermal con-
ductanrp from t, thr~adwl crmfrns~l. srrtion co
th~ [IIR-11 r~artnr coolant, f,alitrr,ltlor, trsttng
of th~ h~at pip? as!rntlly WIII provld~ e~p~rl.
nmntal data potnts to vrrify the anslyttrfil rmdol
drv~lop~d tn study thr brat rpnlval c~,,lil~tltty of
fhr condrnsrr ~ertion.

DEVELOWtENTOF THE PROTOTYPE IN-PILE HEAT PIPES

The design and fabrication requfrenr?nts im-
posed on the In-piie beat pipe are similar to
those fur the core heat pipes of the space power
plant. There are differences in the operational
characterlstic~, however. The radialpowerden-
sity from the fuel into the heat p]pe vwies from
+.est bay to test ay, generally ●xce?di”g the
value of 1.2 PtM/ 3 expectetj in the reactor core,
with a maximum of 2.1 FiH/#. The required heat
throughput is 8.3 ktd and the operating tenpera-
We has been set at 1500 K.

A specific type of wick structure Is required
to achteve the high heat transfer performance of
the in-pile heat pipes that operates in a gravit~-
assist node with &n inert b~ffer gas present for
thermal control. Th:s wick must he designed to
optimize the internal dinx?nsions fur the maximum
performance allowed by the hedt pipe limits. Of
these limits, the liquid entrainrrent limit was
determined to be the overning one for the in-pile

!test heat pipe assetiy (4). The entrainment
limft is a result of shear interaction between
the counterflowing liquid and lte vapor stream.
The shear stress exerted by the vapor on the
liquid prevents the li~u!d from r~turning to the
●v~porator, and ‘9e result Is a drycut in the
wick in the ●vaporator.

Fabrication

Two prototype nrol,ybdenl,m heat pipes assmiolies
were con!tr’Jctcd and te:ted, one w!th sodium as
the working fluid and one contained litkium.
Molybdenum was selected as the heat pipe material
b@CdUSe of its compatibility with the i.10~ fuel
and high temperature operation of the fuel-heat
pipe system (1500 K).

Both heat pipe assemblies were constructed in
the same manner (Fig. 2). The heat pipes are
432 m in length, with an outside diamter of
15.9 m. A two-layered screen wick structure,
one layer of finr mesh screen and the other of
coarse rmsh, was test:d (Fig. 3). The fine screen
layer (150 nmh molybdenum) nesh was placed
against the inn~r wall of the heat pipe; it is
used for fluid distrtbutfon. Th~ coarse nmsh
screen, also mlyboenum, was placed ov?r th~ first
layer so that it was next to the vapor passagr.
lhi~ layer tcts as A l.mt~rtlvr? cover for the
qravlty return of th~ condenshtt, thereby mini-
mizin~ thm @ntralnmPnt of th? r~turnlng fluid.
Curves calculrntcd by Prrngw(5) givtng thr
entrainnmrt Iiml’s for varioJs amsh sites arr
shown In Fig. 4. Although the 8 msh screen shr?ws
the best enpect~d p.?rformance, its wtre tiawter
(0.8 m) made fabrication of * wick strurtuv
e~trmmly diffic~lt, No satisfactory or accept-
able wick structures w?rr fnbricatmd with thp R
msho The i?tl msh screen with 0.30 m diamrter
wlrr ua, u%wi to fabrlcatr th? prototypical heal
pip?s, Thit matertcl was de~md to tve the best

?conqlromi~~ b~twwi eas? of fahricobi tty and ppr-
f~rmanr~ safrty margin ahov? th~ required ft.3 kU
throughput.
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Flcj. 2. EBR-11 prototype heat pipe assembly.
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Fig. 3. EBR-11 heat pipe screen tube assembly.

The heat pipe materials were clefmed by full
Imnerslon In either sodiumor lithium tind bakrd
Gvernight at IIIJO K, followed by a rirse in
ethanol. This proc~dure was followed by a high-
vacuum firing to 1700 K for 2 h. The end cdps
were ●l@ctron.b~am-welded in place, and each pipe
was then char~ed with a working fluid by vacuum
dtst{llatlr)n.

A schematic diagram of th~ vacuum distillation
it shown In Fig. 5. lh~ stainless steel distil-
lation chanher contains nulti-wrapped 100msh
stainle~s steel screen in the instde wall to pro-
vidr morr surfdc? ar?a for ●vaporation and prwrnt
Sluaginq of the llquld to the top of the con-
tainer. This dlstlllatlo~ chatier 15 heated by
rf inductton. A s,?t-uolunw ch~ti~r is attbched
10 the distillation chati~er with a stainlrss ste~l
tub: that ern~ends through the ltthiumor sodium
pool. The t,ransfrr tube and chatier ar~ slrrd to
furnl$h s volunm= ~f fluid sufficient to fill tho
wick structure plu\ form a ?O-nsn-long pool. A
s?condnry stainless stw 1 trmnsfer tub~ l~ads
from the buttom of th~ s~t-volunm chamb?r to th?
brat pipe. Th@ chilled heat stnk Is plac~d
on thr tubing just b?low the chamLer to ect as a
walv~ to pr~v~nt tkr Iiquld mtal from draining
out of the chandmr durlnq distillation.

i

Fiq. 4, Entrainment Ilmlts for [BR-11 4~at pipu,

The total op~.atton of transferring th~ worh-
inq fluid from thp sti]l chamhcr to the he~t PIPI’
is as foll?ws:

9 A vacuum ~s pumped in the total system
whtl~ the liquid rwtal pool 1s heatrd
and degassed. Thr te~wature is in-
crrased, and onct distillation StartS.

thP valv~ to tho vacuum Iutnw fs clospd,
Disti]latton i$ co~lete when th~ vnlumv
from th~ chilled heat sink to thr twp of
the transfer tube is fil)~d with thr
dittfllatr.
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Fig. 5. Vacuum disttllatlon set-up.

● The hedt sink is remved and the heat
pipe, 6.35-nswdiameter transfer lines,
and the set-volume chatier are heated
above the nwltlng point of the working
fluid, allowing the liquid todraln by
gravity head into the heat pipe.

o The total s,ystem is backfilled with
lrgon and tile distillation Systrm is
removed and replaced by ii valve.

● Tne heat pipe sssetily is then attached
to a vacuum punpout stdtion, and the
argon gas is removed. The valve is
CIOSWIO and the prototypr heat pipes are
reacy for wet-in and subsequent testing.

TISTING OF PROTOTYP[ fBR-11 MOIVBDINUM HrAT PIPES— -.

Tn mab~ p~rfor~nc~ ~as~rpw,lts of these
heat pipes, it W8S nec*ss4ry to construct a cal-
orimctt=r facility. This facility provides an
l~~rt gas environ~nt for the beet pipe and a
variabl~-conductance gas gap in the heat rejection
srct ion, whi;e holdinq a relatively IW thermal-
leakage path in thr evaporator section of ths
heat pipe. To accomplish this, a dual 9as flow
Cdloriwter syst?m, a% shown in fig, 6, was con-
structed. Tt,e fig,lre shows a wat?r-cooled gas-
gap.calorinwter partly ?ncloscd in a quartr en-
V?lopp. The calorinwter is rpnt?red by an alumlna
inSlll#t@r support, which fncludes a vmt for the
Inert gas. TIIr brat pipe’s position can bc
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Fi9. 6. EBR-11 prototype heat pipe test
configuration.

changed to vary the lengths of the evaporator
and/or ccndenser sections. Heat is supplied by
an rf lndu~tion coil. The heat-input section of
the system contains slowly flowing argon, which
Is Introduced at the bottom of the quartz ●rive-
1ope. The argon exits through the insulator sup-
port. This arrangement tends to minimize the
thermal 10SS t~ the auartz tube surrounding tne
e,,aporator,

Heat rejection to the calorimeter in the con-
denser section of the heat pipe is controlle5 by
adjusting the ratio of argon to helium in a sepa-
rate inert gas flow system.

‘his ?%%::;h”introduced into the gap by a feed
the Insulator thut centers the heat pipes. lhr
gas fl,ws slowly through the gap region, and
eventually leaves the system through the sanw
vent used to Crwlete the #rgon flow circuit.

A temperature-difference mtpr and w?ter-flow
meter are used to measme the power transmitted
by the heat pipe into the wat?r flowing through
the calorinwter. Heat pipe te~erature is m@as-
ured b) optical pyrometry at the evaporator exit
(that is, thr region between the induction coil
and calorimeter).

Performance testing of both the sodium and
lithium-filled heat pipes has been conducted usiny
a 100-mn-long rf induction coil to provid~ heat
input. lh~s COtl ]@ngth simlates the total h~dt

input rone of the four fuel bays on the [BR-11
heat ptpe assembly. Amial heat transfer ~asure-
-nts were wde at operattng twqwratures from
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1000 to 1425K, and heat transfer llmlts were
deterl,llned for these sySteMS. Data points show-
ing the maxlrimm heat transfer sapabillty of the
sodium heat pipe system are displayed In Fig. 7.
The results show the sodium heat pipe ●xceeded
the predicted entralnmrmt cu-ve up to a heat
transfer rate of 7.7 kU at 1300 K. The limit
point obtained at 1380 K indicates a decrease of
performance et this tewerature. It Is believed
that this reduced performance was caused by d8mage
to the fine screen caused by testing Lo the wick
dryout conditions that occur when a limit Is
reached.

The performance test results of the lithium
heat pipe system are shown in Fig. 8. The meas-
ured heat transfer capability of the llthium heat
pipe also exceeds the predicted curve for entrain-
ment and shows a heat transfer rate of 10 kld at
1425 K. The lDO-mn-long rf induction coil ar-
rangement on the lithium heat system produced a
radial heat flux average of 2.1 #W/#. Sub-
sequent pouer density tt ts were conducted on the
lithium prototype heat pipe by reducing the length
of the heat Input zone until a radial heat-input
flux limit was determined. An Input power density
of 3.6 MJ/n? at a temperature of 1375 K was
achieved.

CONCLUS1ONS

A two-layer wick structure, on? iayer of fine
~sh scrctn for dlstrlbutien and a coarse layer
of screen for protection of the ravlty return

!flu”:d, has opepnted S;ltisfactorl y with sodium
and lithium worktng fl:Jids. The fabrication find

CL A-1-_l+J.#_.A_.A_.l 1 1 1 1
m- noo ● m

.~l,oo
L?00 1s00 noo Ieoo

0--
-1 1 1 1 1 I 1 1 I I I J

Fig. 8. Lit heat pipe performance.

testln of molybdenum/lithlum heat pipes to Pro-
!vide h gh heat transfer assemblies for EBR-11

in-pfle testing of U02 fuel has been demon-
strated. These heat pipe assembles have per-
formd well beyond the predicted lim~ts for high
heat transfer at high temperatures (tie., 10 kbl
at 1425 K), and molybdenumlllthium he~t pipes an

$witl,stard high power Input densities (3.6 MM/m ),
almst twice the maxlnum re u}remnt for the

ml[BR-11 fuel tests (2.1 MU/ ).
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